, Fe

3+
, UO 2 2+ and Zr
4+
) metal ions have been determined potentiometrically in 0.1M KCl and 40 % (by volume) DMF-water mixture. The stability constants of the formed binary complexes were found to be Fe 2+ < Cd 2+ < Fe 3+ < UO 2 2+ < Zr 4+ . The effect of the substituents on the dissociation and stability constants was examined on the basis of the electron repelling property. The thermodynamic parameters (DG, DH and DS) were reported for the ligands and complexes formation reactions. The enthalpy changes for the dissociation processes and complex systems are positive. The dissociation processes are nonspontaneous and entropically unfavorable. The metal complexes have been found to be spontaneous and entropically favorable.
Key words: Azo rhodanines; Molecular Structures; potentiometry; Thermodynamics.
for a large number of metal ions, as they form a stable six-membered ring after complexation with the metal ion and can also be used as analytical reagents 3 . In continuation to the previous work [4] [5] [6] [7] , we report herein the synthesis of 3-phenylazo-2-thioxo-4-thiazolidinone derivatives. Molecular and electronic structures of the ligands have been discussed. The stability constants of the binary complexes of Cd 2+ , Fe 2+ , Fe 3+ , UO 2 2+ and Zr 4+ with azo rhodanines were determined from potentiometric titrations data at different temperatures and constant ionic strength of 0.1 M KCl according to Irving-Rossotti's method. The substituent effects on the dissociation and stability constants of the binary complexes were also investigated. Furthermore, the corresponding thermodynamic functions of the dissociation and complexation are evaluated and discussed.
EXPERIMENTAL
Measurements
All the compounds and solvents used were purchased from Aldrich and Sigma and used as received without any further purification. Elemental microanalyses of the separated compounds for C, H, N and S were determined on Automatic Analyzer CHNS Vario ELIII, Germany. The pH measurements were performed with a Metrohm 836 Titrando (KF& Potentiometric Titrator) equipped with a combined porolyte electrode. The electrode system was calibrated according to the method of Irving et al. 8 .
The pH-meter readings in the non-aqueous medium were corrected 9 . The temperature was controlled by circulating thermostated water bath (Neslab 2 RTE 220) through the outer jacket of the vessel within ± 0.05 o C.
Preparation of 3-(4'-phenylazo derivatives)-2-thioxo-4-thiazolidinone (HL n )
The organic compounds (Scheme 1) 3-(4'-phenylazo derivatives)-2-thioxo-4-thiazolidinone (H 2 L 1 and H 2 L 2 ) were prepared prviously 5 by gradual addition of an aqueous solution of 0.01 mole of NaNO 2 to a concentrated HCl solution of 0.01 mole of sulphadiazine, sulphamethazine and sulphamethoxazole in the ice bath. The formed diazonium chloride solutions were added gradually with vigrous stirring to a 0.01 mole cold solution of 3-phenyl-2-thioxo-4-thiazolidinone in 40 ml pyridine. After dilution, the compounds (H 2 L 1 and H 2 L 2 ) formed were filtered off and washed with water. The crude materials were recrystallized from ethanol and then dried in a vacuum desiccator over anhydrous CaCl 2 . 
Potentiometric measurements
The solutions of 1.0 M KCl and 0.01 M HCl were also prepared in double distilled water. The solution of the organic compound (0.001 M) was prepared by dissolving the accurate weight of the solid in DMF. Metal ion solutions (0.0005 M) were prepared from metal chlorides in double distilled water and standardized with EDTA [10] . Oxalic acid solution was used as a titrant for the standardization of sodium hydroxide solution in 40 % (by volume) DMF-water mixture.
The general conditions, apparatus and methods of calculation were the same as in the previous work [5] [6] [7] . The experimental procedure involved the potentiometric titrations of the solutions at 298 K against standard 0.02 M NaOH in 40 % (by volume) DMF-water mixture are listed below: i-5 ml 0.01 M HCl + 5 ml 1 M KCl + 20 ml DMF. ii-5 ml 0.01 M HCl + 5 ml 1 M KCl + 15 ml DMF + 5 ml 0.00l M ligand. iii-5 ml 0.01 M HCl + 5 ml l M KCl + 15 ml DMF + 5 ml 0.001 M ligand + 5 ml 0.0005 M metal salt.
The total volume was made up to 50 ml with double distilled water before the titration. The titrations were carried out in an inert atmosphere by pubbling purified nitrogen through the solutions. All the potentiometric titrations were made over the pH range 4.0-11.0. These titrations were repeated for the temperatures of 308 and 318 K.
The molecular structures of the investigated compounds are optimized by HF method with 3-21G basis set. The molecules were built with the Perkin Elmer ChemBio Draw and optimized using Perkin Elmer ChemBio3D software 7 .
RESULTS AND DISCUSSION
Proton-ligand stability constants
From the titration curves of HCl in the absence and presence of ligands (H 2 L 1 and H 2 L 2 ) the average proton-ligand formation number associated with ligands (H 2 L n ) at various pH values,'n A , were calculated by applying the following equation as Irving and Rossotti's method 11 :
where, N° is the concentration of sodium hydroxide solution, V 1 and V 2 are the volumes of alkali required to reach the same pH on the titration curve of hydrochloric acid and reagent, respectively. TC°L is the total concentration of the reagent, E° is the initial concentration of the free acid. Y is the number of available protons in the azo compounds (Y=1), V° is the initial volume (50 ml) of the mixture. The formation curves ('n A vs. pH) for the protonligand systems were constructed and found to extend between 0 and 2 in the'n A scale. This means that the compounds have two dissociable protons (the enol of the sulfonamide group, pK 1 H and carbonyl oxygen in the rhodanine moiety, pK 2 H ) 12 .
At the same volume of NaOH added the compound titration curves showed a lower pH values than the titration curve of the free acid. The displacement of a compound titration curve along the volume axis with respect to the free acid titration curve is an indication of proton dissociation. The dissociation constants were calculated using Irving and Rossotti's method 11 . The dissociation constant of -OH group of rhodanine moiety (pK 2 H ) should be higher than that of the sulfonamide group (pK 1 H ) due to the weakly acidic of the phenolic -OH group (i.e, stronger bonding between the proton and the oxygen donor) [13] .
The pK H values of azorhodanine compounds (Table 1) The formation curves for the binary metal complexes were obtained by plotting the average metal-ligand formation number ('n ) versus the free ligand exponent (pL), according to Irving and Rossotti's 14 . The free ligands exponent, pL and the average number of the reagent molecules attached per metal ion,'n, can be calculated using eqs. 2 
H pL 3 10 . .
where TC°M is the total concentration of the metal ion present in the solution and β H n is the overall proton-ligand stability constant. V 1 , V 2 and V 3 are the volumes of alkali required to reach the same pH on the titration curves of hydrochloric acid, azorhodanine compound and binary complex, respectively. These curves were analyzed and the successive stability constants were determined using different computational methods [15, 16] . The following general remarks according to the values in Table 2 < Zr 4+ 17,18 . This order largely reflect the changes in the heat of complex formation across the series from a combination of the crystal-field stabilization energies 19 and the influence of both the polarizing ability of the metal ion 20 . Tables 1  and 2 . The values of enthalpy change, "H, for the dissociation and binary complex process was calculated from the slope of the plot pK H or log K vs. 1/T using the graphical representation of Van't Hoff eqs. 4 and 5 ( Figs. 1 and 2 ):
Where, R gas constant = 8.314 J.mol
K is the dissociation constant for the ligand stability, T is the temperature (K).
The entropy ΔS can be calculated from the ΔG and ΔH values, using the well known relationships 4 and 6:
The thermodynamic parameters of the dissociation process of the azorhodanine compounds (H 2 L 1 and H 2 L 2 ) are recorded ( Table 1) . The following general remarks can be pointed out: (a)
The protonation constants of each ligand decreased with increasing temperature (Table 2) . Therefore corresponding enthalpy changes are exothermic, i.e, the lower temperature is favorable for protonation of all the ligands. The ΔS values for the dissociation process are negative, confirming that the dissociation is entropically unfavorable.
The thermodynamic parameters of the stepwise stability constants of binary complexes are recorded (Table 3) . It is known that the divalent metal ions exist in solution as octahedrally hydrated species 15 . The obtained values of ΔH and ΔS can then be considered as the sum of the contributions of release of H 2 O molecules and metal-ligand bond formation. Examination of these values shows that: (i) The stepwise stability constants (log K 1 and log K 2 ) for binary complexes increase with increasing temperature (Figs. 3 and 4) . Therefore corresponding enthalpy changes are endothermic, i.e, the higher temperature is favorable for formation of binary complexes. (ii)
The negative value of ΔG for the complexation process indicates the spontaneous nature of such process 22 .
(iii)
The ΔS values for the ligand complexes are positive, confirming that the complex formation is entropically favourable 23 . Fig. 6 . The HOMO-LUMO energy gap (ΔE), which is an important stability index, is applied to develop theoretical models for explaining the structure and conformation barriers in many molecular systems 24, 25 . The calculated quantum chemical parameters are given in Table 6 . Additional parameters such as separation energies (ΔE), absolute electronegativities (χ), chemical potentials (Pi), absolute hardness (η), absolute softness (σ), global electrophilicity (ω) 7 , global softness (S), and additional electronic charge (ΔN max ), are calculated according to the following equations 26 :
Geometrical structure of the ligands
... The azorhodanine compound (H 2 L 2 ) is more reactive than azorhodanine compound (H 2 L 1 ) as reflected from energy gap values (Table 6 ). The value of ΔE for ligands H 2 L 1 and H 2 L 2 is found 0.129 and 0.104 e.V, respectively.
